Abstract Comparative measurements have been performed on 20GL steel and grade 2 steel samples put under load in the elastic area in a three-point bending test to evaluate stress using stationary and new developed portable X-ray diffractometer. The results obtained showed that there was a good concurrence in the stress values measured by the stationary and portable diffractometers to within an accuracy of 10% (adjusted for calculation and measurement errors). The experimental results confirm the promising outlook for the practical application of developed portable X-ray diffractometer.
Introduction
The X-ray technique occupies a special place among existing non-destructive testing methods of measuring mechanical stresses in metals and alloys such as ultrasonic [1, p. 750] , magnetic [2, p. 620; 3, p. 9] , laser-interferometric [4, p. 45] , acoustic [4, p. 46 ] and other methods, because it is the only direct non-destructive method of residual stress evaluation as it offers direct measurement of the crystal lattice deformation by displacement of diffraction peaks [5, p. 367; 6, p. 12; 7, p. 201] . Although it achieves stress measurements with high accuracy, the X-ray method requires a special preparation of the surface of a measured specimen. The measurement tool which the technique relies on is the X-ray quantas having wavelength which is commensurate with the measured spacing in the crystal lattice of a metallic structure, and the reflection angle from the crystal lattice planes is strongly correlated with the wavelength of X-ray radiation and the lattice spacing in a crystalline sample and is governed by the diffraction equation. The X-ray method to measure surface stresses which is used in the diffractometer is based on the registration of diffraction peaks which shift relative to their unstressed position on the surface of a specimen.
In order to ensure radiation safety, modern diffractometers use "soft X-rays" with a quantum energy not greater that 20-30 keV which allow residual stress measurements through the thickness of a thin surface layer equal to the penetration depth of X-rays (not exceeding a few tens of micrometers for steel [8, p. 102] ). This feature allows measurement of only surface stresses using an X-ray method.
Following stationary X-ray diffractometers used for laboratory measurements, portable X-ray diffractometers that appeared a few years ago can be taken out into field for measurements of stresses in a structural material or component. This is partly due to the adoption of a new solution built on the application of a non-focusing X-ray optics technique for the parallel primary beam (The Debye-Scherrer Scheme) which makes not only the parallel surfaces of a specimen, but all crystal lattice planes involved in the diffraction process [9, p. 317, 5. p. 73] .
Introduction of new methods, technologies, and diagnostic equipment often requires special tuning or ad hoc adjustments, which may result in a number of comparative verification tests to be conducted. This paper describes the results obtained from verification testing of an originally developed portable X-ray diffractometer onto steel samples cut out from railway transport components.
Materials for Analysis
Two types of steel materials were used in this study: 20GL steel (used for solebars of a bogie frames) and grade 2 steel under Russian Standart 10791 (used for railway wheels). The chemical composition of the two types of steel is shown in Table 1 . Samples having a length of 60 mm, width of 10 mm and thickness of 1 mm were cut out by the method of electro-erosive cutting from full-scale railway transport components. The samples were studied in the normalized condition, but some samples were additionally annealed at 600°C with 1 h exposure and slow cooling (with furnace).
Method of Analysis
Preparation of the surface. The X-ray measurement site of each sample surface was subjected to grinding followed by polishing and electrolytic etching to remove work hardening which may be present on the component surface as a result of both the manufacturing and operational processes and cutting out test samples from the components.
The samples were manually grinded and polished with a portable polishing machine Accupoll by starting with P 400 lower grade grit sandpaper and ending with P 2500 higher grit sandpaper. The surface received its final polish by means of a piece of velvet with abrasive suspension Masterprep (0.05 microns) applied onto it. The polishing process took 2-3 min and resulted in the polished surface having a mirror bright finish. To remove the work-hardened layer, electrolytic etching using a 4% HNO 3 solution in ethanol to a total depth of 200 lm was carried out by use of an electrolytic etcher Polimat 2. Each sample was prepared for the study in the middle of its surface (Fig. 1) .
Mechanical loading. The tensile stress was created by placing the samples under load by the three-point bending method in a special loading device (Fig. 2) .
Stress was created by applying a load to the middle of the sample by driving a screw. Surface stress measurements were made at a point opposite to the point of load application located on the surface of the deformed sample. The value of stress created was set by turning the loading screw a set number of times. Preliminary calculations showed that a significant surface elastic tensile stress which would not Fig. 1 The appearance of a sample to measure surface stresses Fig. 2 Loading the sample with the loading device by the three point bending method (the screw is turned to 0.25 turn); 1 surface stress measuring point; 2 loading screw exceed the yield strength of material could be created by taking 0.5-1 full turns on the screw. This is the way each sample was tested under the same loading to determine surface stresses. Stress Measurements. Stress measurements were performed by means of a mock-up of the portable X-ray diffractometer originally designed and a serial stationary X-ray diffractometer Rigaku SmartLab. When preparing a sample for measurements it was put under pressure by taking turns on the loading device screw, so that the sample experienced stress in its central part. The screw was turned 0.5, 0.75, and 1.0 full turns.
The designed portable X-ray diffractometer included the following main units: a position-sensitive detector; two X-ray tubes combined with collimation devices; a goniometer; a special tripod for mounting the goniometer and its location relative to a measured component; laser tuning and alignment devices; a power supply unit and electronics interfaced with a personal computer. The design of the tripod and goniometer allows the Bragg plane where X-ray tubes and detector located to be tilted forward and backward at 30°in the frontal direction (Fig. 3) .
The measurements were performed using the method of slope. Diffraction peaks were recorded using CrKa radiation for multiple locations of the X-ray tube (angle values = 0°, 10°, 20°, 30°) from diffraction plane 211. Then the locations of the "centers of gravity" of the diffraction peaks were determined after cutting out the background by means of special software "StressControl" and auxiliary applications. Fig. 3 The sample placed under portable X-ray diffractometer A linear relationship between relative deformation e and angle shift of diffraction peak allowed using generalized Hook's Law, to determine surface stress r in the direction normal to the tilting axis of a Bragg plane on the specimen surface through a tangent of the slope of the straight line e ¼ k Â sin 2 w þ b, where
where E, l-X-ray elastic constants (elasticity modulus, Poisson ratio), b-unspecified coefficient which determines straight line position at w = 0º.
To verify the test results, additional measurements were made on the same samples held under the same loading conditions using the multipurpose X-ray diffractometer Rigaku SmartLab (Fig. 4) and with application of CuKa radiation and a graphite monochromator. Measurements of stress were conducted by the "sin 2 w" method in the "pseudo" slope of the sample, i.e., by the method of rotations. A diffraction plane was used (310) to analyze macro-stresses. Diffraction peaks were registered by use of a parallel X-ray beam to reduce the effects of tilt defocus. The sample was tilted (turned) by w = 0°; 30°; 45°and 60°.
After this, analogous to measurements by portable X-ray device, data were processed with software the stress magnitude was calculated by -determining the position of the centers of gravity of the diffraction peaks (2h value) after the background has been cut out, where h-diffraction angle; -calculating the relative deformation of the sample e caused by loading applied by formula: where h 0 is the initial angle of diffraction. This corresponds to a specimen in unloaded condition; h w is the offset angle of diffraction (formed by deformation under slope of a Bragg plane to the angle);
-using the ( sin 2 w ) method to build a graphical dependence between the relative deformation e of the crystal lattice and sin 2 w in the direct form e = k sin 2 w + b by the method of least squares. The magnitude of the residual stress in the direction on the specimen surface coinciding with the Bragg tilt plane (normal to tilting axis of a Bragg plane) was determined on the basis of the linear relationship built. The magnitude of the stresses is proportional to the tangent of the slope of the linear relationship established (2):
where E and l are Young's modulus and Poisson's ratio for this material correspondingly; r is the stress in a given direction. Relative error of stress value under all measurements was determined taking into account a scatter of diffraction peak locations for different w angles.
Analysis Results
The results of the stress measurements are shown in Table 2 , and Fig. 5 illustrates the dependence between the surface stresses measured and the magnitude of deformation. Table 2 and Fig. 5 make is evident that the surface tensile stresses measured on all the samples by use of both diffractometers increase linearly with further increase of each sample deflection. For the annealed samples, as expected, the value of residual stresses is equal to zero (under zero deflection). Table 2 shows good coincidence of the results obtained by the portable and stationary diffractometers, in particular when the screw is turned to 1 turn (maximum tensile stress).
When the screw is less 1 turn out (0.5), which results in lower tensile stress, there is a greater discrepancy in the results which can be explained by errors in the calculation of diffraction peaks with a slight (weak) shift of the diffraction peak relative to its position in the unstrained condition. samples proved the correctness of the angular setting of the portable X-ray diffractometer and pointed out the possibility of using such samples to conduct a preliminary check on the angular setting and efficiency of the portable X-ray diffractometer.
2. Tensile stress measurements performed by means of the portable and stationary X-ray diffractometers showed a linear increase in tensile stress with increasing degree of deformation by bending in all the samples. 3. The comparison of the surface stress measurements performed on the steel samples by use of the portable X-ray diffractometer with the measurement results obtained by the stationary X-ray diffractometer and calculations made showed a good concurrence in the stress values to within an accuracy of 10% (adjusted for calculation and measurement errors).
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